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Here we describe methods for preclinical evaluation of candidate medications to treat opioid
abuse and dependence. Our perspective is founded on the propositions that (1) drug self-
administration procedures provide the most direct method for assessment of medication
effects, (2) procedures that assess choice between opioid and nondrug reinforcers are espe-
cially useful, and (3) the states of opioid dependence and withdrawal profoundly influence
both opioid reinforcement and the effects of candidate medications. Effects of opioid med-
ications on opioid choice in nondependent and opioid-dependent subjects are reviewed.
Various nonopioid medications have also been examined, but none yet have been identified
that safely and reliably reduce opioid choice. Future research will focus on (1) strategies for
increasing safetyand/or effectiveness of opioid medications, and (2) continued development
of nonopioids such as inhibitors of endocannabinoid catabolic enzymes or inhibitors of
opioid-induced glial activation.

Opioid abuse is a significant public health
problem most commonly associated with

the illicit opioid heroin but dominated by the
recent epidemic in prescription opioid analgesic
abuse (Manchikanti and Singh 2008; SAMHSA
2011). Currently approved pharmacotherapies
for opioid abuse include an array of opioid re-
ceptor ligands (naltrexone, buprenorphine, and
methadone) as well as medications for the
symptomatic relief of some opioid withdrawal
signs (e.g., thea2-adrenergic agonist clonidine)
(Gonzalez et al. 2004). However, use of these
medications is constrained by a variety of factors
that include poor compliance with opioid an-
tagonists, abuse liability of opioid agonists, and
limitations in efficacy to prevent relapse with
symptomatic treatments like clonidine. In view
of the scope of opioid abuse and the constraints

on use of existing treatments, the development
of new, safer, and more effective medications
remains a priority in drug abuse research. Here
we will focus on preclinical methods used in
medications development for opioid abuse,
and our perspective is founded on three related
propositions:

1. Drug self-administration procedures pro-
vide the most direct measure of abuse-relat-
ed reinforcing effects of opioids and the most
important experimental tool for evaluation
of candidate medications.

2. Drug choice procedures constitute a sub-
set of drug self-administration procedures
in which subjects choose between drug
and nondrug reinforcers, and these choice
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procedures may be especially useful in eval-
uation of medications for opioid abuse.

3. States of opioid dependence and withdrawal
are key determinants of both opioid self-ad-
ministration and of medication effects on
opioid self-administration.

The remainder of this work will briefly
discuss evidence for each of these propositions
before proceeding to a review of medication
effects on opioid choice under various condi-
tions of opioid dependence and withdrawal. We
conclude with a consideration of future di-
rections.

EXPERIMENTAL STRATEGIES FOR
MEDICATION DEVELOPMENT

Drug abuse is a disease of behavior character-
ized by excessive drug choice (Heyman 2009).
The primary goal of treatment is to reduce drug
use and reallocate behavior to more adaptive
activities. Determinants of drug-taking behav-
ior can be directly studied in the laboratory us-
ing drug self-administration procedures. In
these procedures, delivery of a drug dose (e.g.,
an intravenous dose of heroin) to an experimen-
tal subject (e.g., a rat, nonhuman primate, or
human) is made contingent on the performance
of some behavior (e.g., pressing an operant re-
sponse lever) (Young and Herling 1986; Katz
1989; Caine et al. 1999). Under these general
conditions, common drugs of abuse typically
maintain rates of responding above those main-
tained by vehicle, and drug self-administration
procedures have been used for decades to pre-
dict the abuse liability of opioids and other
drugs (Johanson and Balster 1978; Ator and
Griffiths 2003; O’Connor et al. 2011).

Drug self-administration procedures have
also been used to evaluate candidate medica-
tions for the treatment of drug abuse (Mello
and Negus 1996; Haney and Spealman 2008).
In these types of studies, self-administration of
the target drug of abuse is established, and can-
didate medications are screened for their ability
to decrease drug self-administration. These ex-
periments are guided by the general premise
that medications that decrease preclinical drug

self-administration are more likely to serve as
promising addiction treatments than medica-
tions that do not alter or that increase drug
self-administration. However, interpretation of
these experiments can be complicated by at least
two factors. First, candidate medications can
reduce drug self-administration not only by
producing a selective and therapeutically useful
blockade of drug detection and reinforcement,
but also by producing nonselective and unde-
sirable effects (e.g., sedation, paralysis, or cog-
nitive dysfunction) that impair a subject’s abil-
ity to emit operant responses required for drug
self-administration. Because of this potential
confound, the mere demonstration that a can-
didate medication decreases drug self-admin-
istration is not sufficient to recommend that
medication as a treatment, and several strategies
have been developed to address this confound
(Mello and Negus 1996). One of these strategies
is to study medication effects on drug self-ad-
ministration in the context of a choice between
the target drug of abuse and a nondrug reinforc-
er such as food (Negus and Banks 2011). For
example, Figure 1 shows choice between heroin
and food in a group of rhesus monkeys (Negus
2006). In this procedure, daily experimental ses-
sions consisted of five sequential components,
and during each component, subjects could
respond either on a “heroin-associated” key to
earn the available unit dose of heroin (0–
0.1 mg/kg per injection IV) or on a separate
“food-associated” key to earn a 1 mg banana-
flavored food pellet. Monkeys could complete
up to 10 total choices during each component.
The top panel of Figure 1 shows the percent of
choices completed on the heroin- or food-asso-
ciated keys, and the bottom panel shows the total
number of choices completed on both keys.
When “0” heroin (no injection) or the low
dose of 0.0032 mg/kg per injection heroin was
available, monkeys allocated their responding
exclusively toward food choice and earned all
10 available reinforcers. However, higher doses
of 0.01–0.1 mg/kg per injection heroin main-
tained a dose-dependent reallocation of behav-
ior toward heroin choice. Heroin choice was also
associated with a dose-dependent decrease in
the total number of choices completed, perhaps
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reflecting the sedative effects of high self-admin-
istered heroin doses. Overall, then, choice pro-
cedures such as this one yield dependent mea-
sures of both reinforcement allocation (% drug
choice) and reinforcement rate (total choices per
component), and these two different dependent
measures can be used to dissociate beneficial
medication effects on drug reinforcement from
nonselective and undesirable medication effects
that might compromise a subject’s ability to re-
spond (Negus and Banks 2011). Specifically, as
will be discussed below, changes in drug rein-
forcement manifest as changes in drug choice,

whereas undesirable effects that impair respond-
ing manifest as decreases in reinforcement rate.
An ideal medication in this procedure might be
one that decreased heroin choice, increased
food choice, and produced right shifts in the
heroin choice dose-effect curve without reduc-
ing reinforcement rate. Preclinical choice proce-
dures have the additional advantages of both
mimicking choice procedures used in human
laboratory studies and modeling pathological
choice of drug over other commodities in clin-
ical drug abuse (Haney and Spealman 2008;
Heyman 2009).

A second critical factor that influences both
the reinforcing effects of opioid agonists and the
impact of candidate medications is the degree of
opioid dependence and withdrawal. For exam-
ple, Figure 2 shows heroin versus food choice
dose-effect curves in rhesus monkeys under
conditions of nondependence, maintained opi-
oid dependence, and opioid withdrawal (Negus
2006). In the “nondependent” condition, sub-
jects had limited access to heroin only during
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Figure 2. Effects of maintained opioid dependence
and withdrawal on heroin choice in rhesus monkeys
(abscissa: unit dose heroin; ordinate: percent of com-
pleted choices allocated to heroin). All points show
mean + SEM for three monkeys. Sustained heroin
dependence had little effect on heroin choice, but
heroin withdrawal increased heroin choice. (From
Negus 2006; reprinted, with permission, from the
author.)

100

Heroin choice

Food choice

75

50

25

0

10

8

6

4

2

0

0 0.0032 0.01 0.032 0.1

Dose heroin (mg/kg per injection)

C
ho

ic
es

/c
om

po
ne

nt

0 0.0032 0.01 0.032 0.1

%
 C

ho
ic

e

Figure 1. Dose-dependent choice between heroin and
food pellets in rhesus monkeys (abscissa: unit dose of
heroin available during components of daily choice
sessions). Top ordinate: percent of completed choices
allocated to the heroin or food options. Bottom ordi-
nate: total number of choices completed for both
options. All points show mean + SEM for three
monkeys. Heroin maintained a dose-dependent in-
crease in heroin choice. (From Negus 2006; adapted,
with permission, from the author.)
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daily 2-h behavioral sessions, and daily heroin
consumption was 0.6 + 0.2 mg/kg per day.
This relatively small degree of opioid exposure
was not sufficient to produce notable opioid
dependence in that somatic opioid withdrawal
signs were not apparent between choice ses-
sions or if choice sessions were omitted. In
the “maintained opioid dependence” condition,
heroin intake during choice sessions was sup-
plemented by additional heroin intake during
the rest of each experimental day. Specifically,
monkeys continued to choose between heroin
and food during daily 2 h choice sessions, but
they also had the opportunity to self-administer
additional doses of 0.1 mg/kg per injection
heroin every 15 min for the 22 h between daily
choice sessions. In this context of augment-
ed heroin access, daily heroin consumption
increased approximately eightfold to 5.0 +
0.3 mg/kg per day heroin. So long as this aug-
mented degree of heroin access and intake was
sustained, there was little change in the heroin
choice dose-effect curve. However, when access
to supplemental heroin was terminated, mon-
keys entered a state of spontaneous opioid with-
drawal characterized both by the emergence of
somatic withdrawal signs (data not shown) and
by a dramatic increase in heroin choice mani-
fested as a left shift in the heroin choice dose-
effect curve. This increase in heroin choice pro-
vides evidence of a withdrawal-associated in-
crease in the relative reinforcing effects of heroin,
and this conclusion is consistent with evidence
of withdrawal-associated increases in opioid
reinforcement under other schedules of rein-
forcement (Spragg 1940; Thompson and Schus-
ter 1964; Griffiths et al. 1975; Yanagita 1978).
This withdrawal-associated increase in opioid
reinforcement presents a barrier to abstinence,
and as discussed below, medications effects on
opioid reinforcement in a nondependent state
can differ dramatically from their effects on
withdrawal-associated increases in opioid rein-
forcement in dependent subjects. This diffe-
rence suggests that strategies for both treatment
of opioid abuse and for medications develop-
ment should be tailored not only to opioids as
the target drugs of abuse, but also to the level of
opioid dependence.

MEDICATION EFFECTS ON
OPIOID CHOICE

Opioid Medications

Currently approved medications for the treat-
ment of opioid dependence include the opioid
antagonist naltrexone, the intermediate-efficacy
opioid agonist buprenorphine, and the high-
efficacy opioid agonist methadone. Effects of
these and related opioids on heroin versus
food choice provide a framework of standard
outcomes that can be used to assess predictive
validity of choice procedures and interpret ef-
fects of other compounds. Table 1 summarizes
effects of opioid medications on opioid choice
in preclinical and human laboratory studies,
and illustrative data are discussed below.

Opioid Antagonists

Figure 3 shows the opposite effects of opioid
antagonists on heroin choice in nondependent
and opioid-dependent monkeys (Negus 2006,
2009). In nondependent monkeys, the antago-
nist naloxone delivered by continuous infusion
produced dose-dependent rightward shifts in
the heroin choice dose-effect curve (i.e., de-
creased heroin choice), and these doses of
naloxone did not reduce the total number of
choices completed (data not shown). These
findings agree with reductions in heroin versus
money choice produced byopioid antagonists in
nondependent (postdependent) humans (see
references in Table 1), and with the efficacy of
opioid antagonists as antirelapse medications in
highly motivated postdependent opioid abus-
ers, they are able to maintain compliance with
antagonist treatment regimens (Sevarino and
Kosten 2007). Conversely, Figure 3 also shows
that the antagonist naltrexone produced dose-
dependent leftward shifts in the heroin choice
dose-effect curve (i.e., increased heroin choice)
under conditions of maintained opioid depen-
dence. This increase in heroin choicewas accom-
panied by precipitated signs of opioid withdraw-
al and resembles the withdrawal-associated
increase in heroin choice produced by sponta-
neous heroin withdrawal shown in Figure 2.
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Effects of opioid antagonists on withdrawal-as-
sociated increases in opioid choice have not been
examined, but the expected effects would be ei-
ther no effect or an exacerbation of these in-
creases in opioid choice. The ability of opioid
antagonists to precipitate somatic withdrawal
signs and withdrawal-associated increases in
opioid reinforcement likely contributes to poor
compliance with antagonist treatments (Negus
2009).

Buprenorphine

Buprenorphine produces effects on opioid
choice that are intermediate between those of
antagonists or agonists. Thus, in nondependent
monkeys or postdependent humans, buprenor-
phine maintenance produces a dose-dependent
and antagonist-like decrease inopioidchoice (Ta-
ble 1). However, unlike antagonists, termination
of 5-d buprenorphine treatment in originally

Table 1. Summary of published manuscripts reporting on IVopioid self-administration under concurrent-choice
schedules

Drug

Alternative

reinforcer Species Dependence

Main effect

examined References

Morphine Banana Chimpanzee Y Morphine: � Spragg 1940
Heroin Food pellet Baboon Y Methadone: �

Naloxone: �
Griffiths et al. 1975

Heroin Food pellet
+ heroin

Baboon Y Morphine: � Wurster et al. 1977

Heroin Food pellet Baboon Y Morphine: �
Naloxone: �
Secobarbital: —

Griffiths et al. 1981

Heroin Food pellet Rhesus N

Y

Methadone: —
Buprenorphine: �
Naltrexone: �
Methadone: �
Buprenorphine: �

Negus 2006

Heroin Food pellet Rhesus Y Naltrexone: � Negus 2009
Heroin Food pellet Rhesus Y Morphine: �

Amphetamine: —
Clonidine: —
Antalarmin: —
50-Guanidinonal-

trindole: —

Negus and Rice 2009

Heroin Brain
stimulation

Rat N Naloxone: � both Gerber et al. 1985

Heroin Money Human PD Buprenorphine/
naloxone: �

Comer et al. 2005

Heroin Money Human PD Buprenorphine: � Comer et al. 2001
Heroin Money Human PD Buprenorphine: � Mello et al. 1982
Heroin Money Human PD Depot naltrexone: � Sullivan et al. 2006
Hydromorphone Money Human PD Buprenorphine: � Greenwald et al. 2002
Hydromorphone Money Human PD Postsession drug

availability: —
Greenwald and

Steinmiller 2009
Hydromorphone Money Human PD Presession drug

availability: �
Greenwald and Hursh

2006

Columns show the primary drug option(s); the alternative reinforcer(s) (sometimes also a drug); the species in which stud-

ies were conducted; whether the subjects were opioid dependent (Y), not (N), or postdependent (PD); the primary effect

examined in the study and the main effect on drug choice (down arrow, decreased opioid choice; up arrow, increased opioid

choice; dash, no change in opioid choice); and the references.
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nondependent monkeys produced both the
emergence of mild somatic withdrawal signs
and a withdrawal-associated increase in opioid
choice (Negus 2006). These findings suggest that
buprenorphine treatment regimens sufficient
to reduce choice of a relatively high-efficacy
opioid like heroin may also produce a relatively
mild form of opioid dependence. This finding
is consistent with other evidence to suggest that
buprenorphine can function as a weak agonist
capable of producing opioid dependence, and
this dependence liability poses a risk in the use
of buprenorphine as a maintenance medica-
tion in nondependent (postdependent) opioid
abusers (Negus and Woods 1995).

The effects of buprenorphine on opioid
choice have not been systematically examined
under states of maintained opioid dependence
except insofar as that dependence was main-
tained by buprenorphine itself as discussed
above. Under these conditions of mild, bupre-
norphine-induced dependence, buprenorphine
maintenance produced a sustained decrease
in heroin choice and a blockade of buprenor-
phine withdrawal-associated increases in heroin
choice (Table 1). However, buprenorphine ef-
fects were less consistent in blocking with-
drawal-associated increases in heroin choice in
monkeys rendered highly opioid dependent via
access to supplemental heroin self-administra-

tion as shown in Figure 2 (Negus 2006). In hero-
in-dependent monkeys, buprenorphine reduced
withdrawal-associated increases in heroin choice
in only one of three monkeys tested, and in the
other two monkeys, it either did not affect or
exacerbated withdrawal-associated increases in
heroin choice. Taken together, these results sug-
gest that buprenorphine can decrease choice of
higher efficacy opioids like heroin in nondepen-
dent or mildly dependent states, but the effec-
tiveness of buprenorphine diminishes as the in-
tensity of opioid dependence increases.

Opioid Agonists

Higher efficacy opioid agonists such as mor-
phine and methadone have little effect on opi-
oid choice in nondependent subjects. An exam-
ple of this phenomenon was shown above in
Figure 2, wherein self-administration of supple-
mental heroin between heroin choice sessions
had little effect on heroin choice during choice
sessions in rhesus monkeys. Similar results are
obtained with noncontingent maintenance on
agonists like methadone (Negus 2006). Howev-
er, as shown in Figure 2 or described above with
buprenorphine, maintenance on opioid ago-
nists will establish opioid dependence in origi-
nally nondependent subjects, and once this de-
pendence is established, then termination of
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Figure 3. Effects of opioid antagonists on heroin choice in two nondependent rhesus monkeys (left panel) and
one heroin-dependent rhesus monkey (right panel). Other details as in Figure 2. Naltrexone produced opposite
effects on heroin choice depending on the state of heroin dependence. (From Negus 2009; reprinted, with
permission, from the author.)
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agonist elicits both somatic withdrawal signs
and withdrawal-associated increases in opioid
choice. As with buprenorphine, this dependence
liability poses a risk to the use of agonist medi-
cations to treatment of nondependent (postde-
pendent) opioid abusers.

Once opioid dependence is established,
however, opioid agonists can block withdraw-
al-associated increases in opioid choice and lib-
erate subjects to engage in behaviors maintained
by nonopioid reinforcers (Table 1). Forexample,
Figure 4 shows effects of morphine on heroin
versus food choice in heroin-dependent rhesus
monkeys. Experiments shown in this graph were
conducted using the same choice procedure as
described above to examine heroin choice dose-
effect curves, but for the sake of simplifying data
presentation, this graph shows the total percent
of heroin choice across all heroin doses (Negus
and Rice 2009). Under baseline (BL) conditions,
monkeys had access to supplemental heroin be-
tween choice sessions, and during choice ses-
sions, the subjects allocated �30% of their total
choices to heroin (at the high heroin doses) and
the remainder of their choices to food (at the
lower heroin doses). Spontaneous withdrawal
(WD) was introduced by terminating access to
supplemental heroin for 1 day. Withdrawal elic-
ited the emergence of both somatic withdrawal
signs and a withdrawal-associated increase in
heroin choice. Morphine administered during
the period of heroin withdrawal produced a
dose-dependent blockade of both somatic with-

drawal signs and of the withdrawal-associated
increase in heroin choice. We have argued that
the efficacyofopioidagoniststo block withdraw-
al-associated increases in opioid choice con-
tributes both to continued opioid use by depen-
dent subjects and to the efficacy of opioid
agonists as maintenance medicationsto decrease
illicit opioid use.

Summary and Implications for Medications
Development

Figure 5 summarizes key points from research
on the efficacy of opioid medications to modu-
late opioid choice. Opioid use can be concep-
tualized as occurring in subjects that migrate
along a continuum from nondependent to
varying degrees of opioid dependence and back
to postdependent. As subjects range up and
down this continuum of opioid dependence,
therapeutic efficacy to reduce opioid use is best
achieved with a matching continuum of medi-
cations that progress from the opioid antagonist
naltrexone in nondependent/postdependent
subjects to the intermediate-efficacy agonist bu-
prenorphine in modestly dependent subjects to
the high-efficacy agonist methadone in highly
dependent subjects. Moreover, the impact of
medications on opioid choice also varies along
this continuum. Opioid antagonists like nal-
trexone block opioid choice in nondepen-
dent/postdependent subjects, whereas opioid
agonists like buprenorphine and methadone
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Figure 4. Effects of morphine and clonidine on withdrawal-associated increases in heroin choice (abscissa: dose
morphine or clonidine in mg/kg/h; ordinate: percent of choices allocated to heroin across all heroin doses).
Morphine dose-dependently blocked withdrawal-associated increases in heroin choice, whereas clonidine did
not up the doses that produced overt sedation. (From Negus and Rice 2009; reprinted, with permission, from the
authors.)
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block withdrawal-associated increases in opioid
reinforcement in modestly and highly depen-
dent subjects, respectively.

This array of medications permits a flexible
and relatively effective approach to the man-
agement of opioid abuse. However, as noted
above, use of these opioid medications is com-
plicated by factors that include low compliance
with antagonists and abuse liability of agonists.
Medications development seeks new strategies
either (a) to improve opioid medications, or (b)
to develop nonopioid medications that are safer
and/or more efficacious than opioid medica-
tions. Regarding the first of these strategies,
the chief challenge with opioid antagonists has
been compliance with medication regimens,
and strategies to improve compliance include
development of long-acting formulations that
minimize the required frequency of treatment
and hence the opportunities forcompliance fail-
ure (e.g., long-acting formulations of naltrex-
one) (Comer et al. 2007; Sevarino and Kosten
2007). Conversely, with opioid agonist medica-
tions, strategies to reduce abuse liability include
development of agonist/antagonist formula-
tions designed to retard abuse by parenteral
routes of administration while protecting effec-
tiveness obtained via intended enteral routes of
administration (e.g., Suboxone, a mixture of bu-
prenorphine and the opioid antagonist nalox-
one) (Comer et al. 2005; Sevarino and Kosten
2007). These efforts to improve existing opioid
medications will not be considered further here,

and the remainder of this work will focus on
efforts to develop nonopioid medications for
the treatment of opioid abuse.

Non-m Opioid Medications

The addictive effects of abused opioids are me-
diated most proximally by their actions on m

opioid receptors, and opioid medications func-
tion by interacting directly with these proximal
receptor targets. However, abused opioids also
indirectly engage other downstream systems of
intra- and intercellular signaling, and modula-
tion of these downstream mechanisms may also
produce therapeutically useful effects together
with profiles of side effects that are different
from, and perhaps safer than, those of m opioid
medications. Research to investigate effects of
non-m opioids on opioid choice (in nondepen-
dent/postdependent subjects) or on withdraw-
al-associated increases in opioid choice (in de-
pendent subjects) is just beginning, and Table 1
summarizes the largely disappointing results of
studies conducted so far. The most clinically
relevant of these drugs is clonidine, an a2 ad-
renergic receptor antagonist approved for use in
managing sympathomimetic signs of opioid
withdrawal (Gold et al. 1979; Jasinski et al.
1985). However, despite the effectiveness of clo-
nidine to reduce some withdrawal signs, Figure
4 shows that clonidine failed to block withdraw-
al-associated increases in heroin choice in rhe-
sus monkeys, and this agrees with the poor

Naltrexone

Block
opioid choice

1 2

Block
withdrawal-associated

increases in opioid choice

New medications?

Buprenorphine Methadone

Opioid
dependent

Nondependent/
Postdependent

Figure 5. Schematic showing the clinical effectiveness of opioid medications under different states of opioid
dependence. New medications could be evaluated for their ability to (1) block opioid choice in nondependent
subjects, or (2) block withdrawal-associated increases in opioid choice in dependent subjects.
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efficacy of clonidine to prevent relapse in opioid
abusers (Negus and Rice 2009).

Noradrenergic systems constitute only one
of several neurochemical systems that become
hyperactive during opioid withdrawal. Systems
that use corticotropin-releasing hormone (CRH)
and the endogenous k-selective opioid agonist
dynorphin also are up-regulated during opioid
use and withdrawal (Wee and Koob 2010; Lo-
grip et al. 2011). This has led to speculation that
CRH and/or dynorphin might mediate some
signs of withdrawal, and that antagonists of
CRH or k-opioid receptors might attenuate
withdrawal. However, the CRH-1 receptor an-
tagonist antalarmin did not reliably block with-
drawal-associated increases in heroin choice in
heroin-dependent monkeys, and the k opioid
receptor antagonist 50-guanidinonaltrindole exa-
cerbated withdrawal-associated increases in her-
oin choice (Negus and Rice 2009). Lastly, opioid
withdrawal is also associated with decreases in
activity of some neurobiological systems, and
given the well-established importance of the
mesolimbic dopamine system as a mediator of
motivated behavior, withdrawal-associated de-
creases in mesolimbic dopamine release may
play an especially important role in modulating
drug self-administration and the allocation of
choice between drug and nondrug reinforcers
(He et al. 2004). In accordance with a potential
role for decreased dopamine in opioid with-
drawal, the indirect dopamine agonists am-
phetamine and cocaine blocked the discrimi-
native stimulus effects of opioid withdrawal
in opioid-dependent rhesus monkeys (Sell and
France 2002); however, amphetamine failed
to reliably decrease withdrawal-associated in-
creases in opioid choice (Negus and Rice 2009).

Taken together, these data argue against an
exclusive role fora2 adrenergic agonists, CRH-1
or k opioid receptor antagonists, or indirect
dopamine agonists for the treatment of depen-
dent opioid abusers, but much additional re-
search is required to clarify the potential utility
of these medications across a more diverse range
of clinically relevant conditions. For example,
these drugs have been examined at only one, rel-
atively high level of opioid dependence for which
buprenorphine was also not reliably effective in

blocking withdrawal-associated increases in her-
oin choice. Further research will be required to
determine if these or related medications might
be more effective at lower levels of opioid depen-
dence or in postdependent opioid users. More-
over, combinations of these medications may
improve clinical effectiveness by targeting mul-
tiple systems dysregulated by opioid abuse.

FUTURE DIRECTIONS

In addition to the mechanisms discussed above,
other nonopioid mechanisms are also emerging
as potential targets for candidate medications,
and two illustrative classes of candidate medica-
tions will be discussed here. One emerging class
of compounds is constituted by inhibitors of the
endocannabinoid hydrolytic enzymes fatty acid
amide hydrolase (FAAH) and monoacylglycerol
lipase (MAGL). These enzymes are responsible
for the metabolism of the major endocannabi-
noids N-arachidonoylethanolamine (ananda-
mide; AEA) and 2-arachidonylglycerol (2-AG),
respectively (Ahn et al. 2008). During naloxone-
precipitated withdrawal, AEA and 2-AG levels in
the locus coeruleus, periaqueductal gray and
amygdala were not significantly different from
vehicle controls or morphine-dependent mice
(Ramesh et al. 2011). However, another study
reported increased AEA levels in the nucleus
accumbens, caudate putamen, hippocampus,
and prefrontal cortex, but decreased 2-AG levels
in the caudate putamen, hippocampus, and pre-
frontal cortex 15 days after termination of
chronic morphine in rats (Viganò et al. 2004).
More research is clearly needed to better under-
stand the effects of different levels of opioid
dependence and subsequent withdrawal on cen-
tral nervous system (CNS) endocannabinoid
levels. Direct administration of AEA or 2-AG
into the CNS attenuated somatic signs of antag-
onist-precipitated opioid withdrawal (Vela et al.
1995; Yamaguchi et al. 2001). Furthermore, sys-
temic administration of a FAAH or MGL inhib-
itor also attenuated the somatic signs of precip-
itated or spontaneous opioid withdrawal (Del
Arco et al. 2002; Ramesh et al. 2011; Shahidi
and Hasanein 2011). Moreover, administration
of an FAAH inhibitor attenuated precipitated
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opioid withdrawal-induced conditioned place
aversion, suggesting that the endocannabinoid
system may also be involved in the affective com-
ponent of opioid withdrawal (Manwell et al.
2009). Overall, these results suggest that further
studies examining FAAH or MAGL inhibitors
as candidate medications for treating withdraw-
al-induced increases in opioid choice warrant
further consideration.

Another emerging class of compounds be-
ing considered as candidate medications for
opioid dependence consists of glial modulators.
Glia are nonneuronal cells responsible for sup-
porting proliferation and maturation of neu-
rons. Opioid exposure induces glial activation
and subsequent release of proinflammatory cy-
tokines (Hutchinson et al. 2007; Watkins et al.
2009). Specifically, chronic opioid exposure has
been shown to up-regulate glial-specific mark-
ers and increase spinal and brain levels of pro-
inflammatory cytokines such as interlukin-
1b, interleukin-6, and tumor necrosis factor-a
(Song and Zhao 2001; Raghavendra et al. 2003;
Tawfik et al. 2005; Watkins et al. 2009; Liu et
al. 2011). Unfortunately, research has not been
conducted to examine levels of these proin-
flammatory cytokines, or other markers of glial
activation during spontaneous or precipitated
opioid withdrawal. However, administration of
glial modulators such as ibudilast, pentoxifyl-
line, propentofylline, minocycline, or (þ)-nal-
oxone attenuated somatic signs of both sponta-
neous and precipitated opioid withdrawal in
rodents (Raghavendra et al. 2003; Hutchinson
et al. 2009, 2010; Mika et al. 2009). These results
are consistent with the hypothesis that glial acti-
vation and subsequent release of proinflamma-
tory cytokines appears to be involved in the de-
velopment of opioid dependence and support
further research of these compounds on basal
opioid choice or withdrawal-induced increases
in opioid choice.

CONCLUDING REMARKS

Opioid abuse remains a public health problem,
and development of safe and effective medica-
tions remains a priority in drug abuse research.
Currently approved opioid medications exist on

a continuum of pharmacological efficacy at the
m opioid receptor and range from the opioid
antagonist naltrexone to the intermediate-effi-
cacy agonist buprenorphine and the high-effi-
cacy agonist methadone. The effectiveness of
these medications to reduce opioid choice is
governed by the state of opioid dependence
and withdrawal in the subject being treated.
Antagonists reduce opioid choice in nondepen-
dent and postdependent subjects, whereas in-
termediate- and high-efficacy agonists block
withdrawal-associated increases in opioid
choice in opioid-dependent subjects. However,
use of these medications is limited by factors
that include poor compliance with antagonists
and abuse liability of agonists. A range of non-
opioid medications has been evaluated in accor-
dance with hypotheses regarding neural systems
that may be pathologically dysregulated by
opioid abuse. To date, medications that func-
tion as a2 adrenergic agonists, corticotropin-
releasing hormone 1 receptor or k opioid recep-
tor antagonists, or indirect dopamine agonists
have failed to reliably reduce opioid choice in
dependent subjects. However, future research
with these agents is warranted, and new agents
that target endocannabinoid catabolic enzymes
or mechanisms of opioid-induced glial activa-
tion are also areas of intense study. Procedures
that permit assessment of opioid choice in non-
dependent subjects and of withdrawal-associat-
ed increases in opioid choice in opioid-depen-
dent subjects provide a versatile experimental
platform for assessment of emerging candidate
medications.
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